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INTRODUCTION 


This  report  describes  the  results  of  a field  measurement  program 
conducted  by  the  Ohio  State  University  in  cooperalion  with  the  United 
Aircraft  Research  Laboratories  (UARL),  Hartford,  Connecticut.  UARL 
supplied  and  operated,  at  their  Hartford  facility,  the  cw  DF  laser 
(POSM).  This  laser  with  an  output  of  approximately  one  watt  per  line 
was  used  to  illuminate  the  differential  spectrophone  designed  and 
operated  by  the  Ohio  State  University  ElectroScience  Laboratory. 

The  DF  laser  operates  at  wavelengths  that  fall  within  a 
relatively  good  atmospheric  transmission  window.  There  are,  however,, 
several  absorbers  present  which  will  influence  the  propagation  of 
high  power  lasers.  It  is  the  intent  of  this  report  to  examine  these 
contributions  and  to  discuss  new  measurements  of  interest.  Considerable 
progress  has  Deen  made  in  both  the  calculation  [1,2]  and  measurement  [3] 
of  this  transmission,  but  results  are  not  yet  completely  satisfactory. 
These  points  will  be  discussed  more  fully. 


Techniques  for  the  calculation  of  atmospheric  absorption  have 
been  discussed  in  previous  reports  [2,4]  and  will  not  be  repeated  here. 

The  M 2 0 absorption  at  5 DF  lines  of  interest  has  been  measured  [5j, 
as  well  as  CH4,  CO2,  and  HDO  at  several  frequencies  [3],  These  results 
are  summarized  in  Table  I.  In  addition  to  the  differences  shown,  CO2 
absorption  in  the  range  of  10'^  km""*  can  be  expected  due  to  isotopic  CO2 
constituents  which  are  not  listed  in  the  data  tape.  Recent  calculations 
will  be  described  in  Section  IV  of  this  report. 


TABLE  I 

Comparison  of  measured  and  calculated  sea  level  absorption 
coefficients.  Assumed  are:  0.28  ppm  N2O,  1.6  ppm  CH4, 

14.26  torr  H2O  of  which  0.03%  is  HDO. 


Absorber 

Iden. 

(cm*  )* 

K 

meas 

Kcalc(km‘  > 

% diff. 

IL0 

3-2  P(7) 

2570.522 

.0373 

.0371 

.54 

L 

3-2  P(8) 

2546.375 

.0214 

.0214 

0. 

2-1  P ( 1 0 ) 

2580.095 

.0453 

.0463 

2.2 

2-1  P(ll) 

2553.951 

.00969 

.0105 

7.7 

3-2  P(6) 

2594.198 

.00227 

.00230 

1 .3 

CH. 

2-1  P(6 ) 

2680.1  78 

.00152 

.0003059 

80 

4 

2-1  P ( 7) 

2655.863 

.00113 

.000719 

36.4 

2-1  P (8) 

2631 .067 

.000859 

.000826 

3.8 

HDO 

3-2  P(6) 

2594.198 

.0174 

.00723 

58.6 

3-2  P ( 7 ) 

2570.522 

.00861 

.00463 

46.2 

3-2  P(8) 

2546.375 

.00246 

.00115 

53.2 

♦Measured  Roll,  Heath,  Rao,  Ohio  State  University 
Department  of  Physics,  1975  (to  be  published). 
Accuracy  ±.005  cur ^ . 
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II.  EXPERIMENTAL  MEASUREMENTS 


The.  laser- i 1 lunrinated  spectrophone  used  for  the  measurements 
is  shown  in  Fig.  1.  The  speclrophone,  whose  ideal  response  is 
directly  proportional  to  absorption,  offers  significant  advantages 
over  apparatus  where  the  absorption  must  be  determined  from  the  dif- 
fet ence  of  two  nearly  identical  values  of  transmission. 


The  basil 


concept  of  the  speclrophone  is  simply  that  a qas  cell 
experiences  a temperature  increase  when  the  gas  absorbs  radiation. 

In  a constant-volume  cell,  a corresponding  pressure  rise  will  also 

ensue  The  pressure  rise  is  the  more  easily  measured  of  the  two 
effects. 


Tne  technique  has  been  used  for  many  years.  Among  the  early 
workers  were  Bell  [6,7],  Tyndall  [8],  and  Roentgen  [9].  Delany  [101 
gives  an  excellent  account  of  the  early  history.  Since  the  advent  of 
tie  laser,  the  re.  has  been  increased  interest  in  the  application  of 
this  opto-acoustic  effect,  since  there  is  now  significant  amounts  of 
optical  power  available  within  narrow  linewidths 


For  a cw  laser  as  a source,  it  can  be  shown  [11]  that  the 
rise  from  ambient,  A,  is  given  by  the  relationship 


pressure 


(1) 


where  a is  the  absorption 
term  relating  illuminated 
illuminating  laser  power, 
conductivity  of  the  gas,  T 
F is  a proportionality  fac 
laser  beam  is  used.  In  pr 
thermal  deposition  in  weak 
from  the  pressure  rise  due 
laser  signal  is  therefore 


coefficient,  B is  a dimensionless  geometric 
gas  volume  to  total  gas  volume,  W is  the 
Pis  the  ambient  pressure,  < is  the  thermal 
is  the  ambient  temperature  of  the  gas,  and 
tor  which  is  frequency-sensitive  if ‘a  chopped 
actice,  the  small  pressure  rise  due  to  the 
ly  absorbing  gases  is  difficult  to  separate 
to  thermal  and  leakage  drifts.  A chopped 
used  to  reduce  drift  effects. 


The  particular  spectrophone  used  is  based  on  a novel  desiqn 
developed  at  thi s . 1 aboratory . It  is  a differential  type  whose  ob- 
jective is  canceling  the  false  pressure  signal  from  the  cell 
windows.  The  system  is  shown  in  Fig.  2. 


Cell  A of  the  differential  spectrophone  is  long  and  of  small 
diameter,  consistent  with  the  laser  beam  diameter.  An  acoustical 
signa  equal  to  the  sum  of  the  absorption  signal  and  the  window  signal 
will  be  generated  and  transmitted  to  one  side  of  the  differential 
pressure  sensor.  In  cel  1 B a similar  signal  will  be  generated,  but 
the  absorption. coefficient  wilt  be  much  smaller  because  of  the  shorter 
length.  The  window  signal,  if  the  windows  are  identical  to  those  of 


.-U  JvSit  J.-.V  v .'AlU-tfok*: 


Fig.  1.  Photograph  of  the  differential  spectrophone . 
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cell  A and  if  the  cell  volumes  are  identical,  will  be  identical  to  the 
window  signal  from  cell  A and  will  therefore  cancel  it  at  the  dif- 
ferential pressure  sensor.  The  volume  of  cell  B could  be  adjusted  to 
allow  complete  cancellation,  but  this  feature  was  not  used  in  this 
series  of  measurements.  The  absorption  signal  will  not  be  completely 
canceled,  and  should  be  proportional  to  the  difference  in  path  length 
I between  the  two  cells.  Elimination  of  the  wi ndow  background  signal  is 

i therefore  achieved  at  a rather  nominal  cost  in  system  sensitivity. 

!' 

The  advantage  over  the  use  of  two  identical  cells,  with  the 
reference  cell  filled  with  a reference  gas,  is  that  the  leak  valve, 
see. Fig.  2,  can  equalize  the  static  pressure  in  the  two  cells.  This 
avoids  the  necessity  for  static  balance  devices  or  the  possibility  of 
a static  imbalance  which  may  drive  the  sensor  beyond  its  design  range. 
I There  is  furthermore  a distinct  problem  in  selecting  a nonabsorbing 

reference  gas  with  thermal  properties  similar  to  the  absorbing 
I sample.  For  one  example,  the  pressure-induced  absorption  in  pure 

I nitrogen  is  itself  of  interest  at  some  DF  wavelengths  and  could  not 

| be  used  as  the  reference  gas. 


' f.V  ’ 
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In  Fig.  2 there  are  valves  V4  and  V 5 between  the  sensor  and  the 
cells.  If  one  of  these  is  closed,  the  result  is  that  the  sensor  is 
connected  to  the  other  cell  as  a normal  non-differential  spectrophone. 

This  is  useful  as  a trouble-shooting  aid.  It  did  not  prove  to  be 
foolproof  however.  During  system  checkout  and  evaluation  at  10.6 
mi  crons,. the  differential  signal  was  not,  in  general,  numerically  equal 
to  the  difference  between  the  cell  signals  measured  individually. 

The  reason  for  this  behavior  has  not  yet  been  discovered.  The 
instrument  gave  zero  output,  as  expected,  when  valves  V2,  V4,  and  V5 
were  all  open  so  that  identical  pressure  signals  were  on  both  sides 
of  the  sensor.  Signal  waveshapes  and  phases  were  as  expected.  The 
net  result  is  that  the  window  signal  is  not  properly  compensated 

and  a residual  output  is  obtained  with  the  nonabsorbing  reference  j 

atmosphere..  Since  the  prime  goal  was  the  measurement  of  the  water  J 

vapor  continuum,  this  difficulty  was  not  a limiting  factor  and  the  1 

continuum  can  be  determined  by  the  increase  in  signal  as  water  vapor  \ 

is  added.  4 


The  spectrophone  can  be  calibrated,  in  principle,  from  a knowl-  | 

edge  of  sensor  sensitivity,  cell  geometry,  and  thermal  constants.  f 

It  was  considered  preferable,  however,  to  calibrate  with  absorber 
samples  that  had  been  carefully  measured  in  the  Ohio  State  University 
White  cell.  This  procedure  is  explained  more  fully  in  a following 
secti  on . 

The  spectrophone  is  an  extremely  sensitive  device  for  measuring 
absorption.  It  therefore  follows  that  great  care  must  be  taken  in 
handling  the  gas  samples  to  assure  their  continued  purity.  The  gas 
mixing  and  handling  system  is  shown  schematically  in  Fig.  3.  The 
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Fig.  3.  Gas  handling  system. 


spectrophone  cells  were  aluminum  with  BaF2  windows;  most  of  the 
associated  plumbing  and  valves  were  stainless  steel.  The  total  system 
was  checked  with  a helium  leak  detector,  and  then  pumped  with  moderate 
heating  for  several  weeks  with  the  Vacion  pump  to  remove  contaminants. 
Substantial  contaminant  outgassing  did  occur  during  this  stage,  as 
evidenced  by  10  micron  measurements  during  this  period. 


The  experimental  procedure  finally  developed  for  handling  gas 
samples  was  generally  as  follows.  After  roughing  the  system  by  a 
mechanical  pump  (isolated  by  a molecular  sieve  trap),  the  mechanical 
pump  would  be  valved  off  and  the  system  pumped  by  the  Vacion  pump, 
preferably  overnight.  Thorough  pumping  was  particularly  essential 
before  measuring  low  absorption  or  dry  samples.  Sample  gases  of 


interest  were  connected  to  ports  1-5  and  a water  container 
Interconnecting  lines  were  evacuated,  using  the  mechanical 
flushed  several  times.  The  water  sample  was  outgassed  similarly 


to  port  6, 
pump,  and 


Pressure  measurements  were  made  with  Wallace  and  Tiernan 
mechanical  gauges.  A 62B-4D-0800  was  used  for  pressures  to  800  torr, 
and  an  FA141  for  increased  accuracy  below  35  torr.  The  desired  dew 
point  was  approximated  in  filling  the  system,  but  values  used  were 
measured  by  an  EG  and  G Model  880  thermoelectric  dew  point  hygrometer 
which  had  been  previously  calibrated  against  known  water  samples.  All 
readings  were  recorded  on  a digital  printing  data  logger  (Digitec  1 267) 
Laser  power,  spectrophone  output,  cell  temperature,  and  dew  point 
reading  were  each  printed  out  every  five  seconds  during  the  recording 
phase.  The  ratio  of  spectrophone  output  to  laser  power  was  calculated 
for  each  of  these  and  then  averaged  for  the  number  S/W.  The  lock-in 
amplifier  used  for  the  spectrophone  signal  was  a PAR  128A  with  a 
synchronizing  signal  derived  from  the  optical  chopper. 


The  sample  gases  used  were  of  high  purity,  but  because  of  the 
sensitivity  of  the  spectrophone  and  the  complex  infrared  spectra  of 
hydrocarbons,  there  is  concern  about  the  actual  purity.  In  future 
experiments  it  will  be  recommended  that  the  diluent  gases  be  passed 
through  a heated  catalyst  bed  to  obtain  a hydrocarbon  content  below 
0.01  ppm,  which  is  some  one  hundred  times  purer  than  present 
assurances.  Some  concern  must  also  be  expressed  about  the  significance 
of  absorption  calculations  which  must  presently  ignore  atmospheric 
hydrocarbons  because  of  insufficient  data. 


Difficulties  encountered  in  laser  operation  were  primarily  of 
three  classes.  The  first  several  runs  were  halted  by  clogging  of  the 
burners  due  to  carbon  impurities  in  the  helium  supplied  specifically 
for  the  tests.  An  alternate  supply  from  UARL  stocks  cured  this 
problem.  The  second  difficulty  was  the  limited  run  time  caused  by 
vacuum  blower  overheat.  This  was  known  in  advance,  but  any  delay  in 
spectrophone  operation  or  in  gas  sample  mixing  did  result  In  lost 
data  points,  for  the  most  part  nonrecoverabl e because  of  the  limited 
time  budgeted  to  the  measurements.  The  third  difficulty  was  a very 
small  water  leak  in  the  blower  cooling,  inside  the  vacuum  system. 

The  effect  of  this  when  combined  with  the  HF  exhaust  was  serious 
corrosion  of  bearings  and  vacuum  lines.  These  problems  were  particularly 
evident  near  the  end  of  the  measurement  period.  It  must  be  remarked 
that  it  was  only  through  extreme  diligence  and  cooperation  of  the 
UARL  laser  group  that  any  measurements  were  achieved  in  this  period, 
and  that  the  support  0SU  received  during  such  difficulties  was  well 
beyond  normal  expectations. 


III. 


CALIBRATION  OF  SPECTROPHONE 


The  spectrophone  was  calibrated  for  each  laser  line  by  comparinq 
the  spectrophone  signal  with  a laser  measurement  of  absorption  usinq 
a long  path  White  cell  with  both  devices  containing  a calibration  qas 
under  identical  conditions  of  pressure  and  temperature. 


. The  calibration  gases  used  were  N20  and  CH4.  Since  the  absorbinq 
species  are  present  in  small  concentration,  the  thermal  conductivity 
nn„/  • calibration  gas  is  very  nearly  the  same  as  for  a mixture  of 
80/o  nitrogen  and  20%  oxygen  (artificial  air).  The  calibration  gases 
therefore  were  mixtures  of  80%  nitrogen  and  20%  oxygen  or  100%  N?  with 
small  amounts  of  absorbing  gas  included  whose  absorption  coefficient 
was  determined  from  White  cell  measurements.  For  the  lines  in  the  2-1 
band  the  calibration  gas  was  methane  in  artificial  air.  For  the  lines 
in  the  3-2  band  the  calibration  gas  was  nitrous  oxide  in  No.  The  White 
7/1  onceaSTrem,e,u^S  for  CH4_air  mixtures  are  given  in  our  report  RADC-TR- 
onnr  td  7I  onWhlte  measurements  for  N2O-N2  mixtures  are  given  in 
KADl-TR-74-89 . It  should  be  pointed  out  that  the  White  cell  measure- 
ments on  N20  were  made  with  N2  as  a broadening  gas  rather  than  air 
This  may  introduce  some  slight  error  due  to  the  difference  in  the 
foreign  broadening  coefficients  of  air  and  nitrogen. 


The  White  cell  calibration  measurements  were  performed  over  a 
range  of  absorber  concentrations.  No  deviation  from  linearity  was 
observed;  hence  a least-square  straight  line  fit  to  the  measured  " 
points  which  passed  through  the  origin  was  used.  The  measured  White 
cell  absorption  coefficients  per  ppm  of  absorber  are  given  in  Table 
II.  For  comparison  the  calculated  coefficients  using  the  AFCRL  data 
tape  are  also  given.  The  calculated  results  for  the  3-2  band  reflect 
the  newly  available  DF  laser  line  frequency  measurements  as  noted  in 
the  caption. . These  are  preliminary  results  with  an  accuracy  of  ±.005 
cm"  . Additional  work  now  in  progress  should  result  in  laser  line 
positions  accurate  to  ±.002  cm"l . 


A calibration  is  not  available  at  this  time  for  the  2-1  P(3) 
laser  line. 


The  raw  data  from  the  spectrophone  is  given  as  the  ratio  of 
Barocel  signal  (S)  to  laser  power  (W).  The  ratio  S/W  is  assumed  to 
bedirectly  proportional  to  the  absorption  coefficient  of  the  gas 
being  measured.  The  calibration  constant  for  each  laser  line  which 
relates  S/W  to  absorption  coefficient  is  found  using  the  data  from 
Table  II.  Since  the  spectrophone  signal  depends  on  the  thermal 
conductivity  of  the  gas  contained  in  the  spectrophone  cell,  the 
calibration  gas  should  have  the  same  thermal  conductivity  as  the  qas 
whose  absorption  coefficient  is  to  be  measured. 
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TABLE  II 


Comparison  of  calculated  and  OSU  White  cell  measured 
N2O  and  CH4  absorption  coefficients  for  1 ppm  at  760 
torr  total  pressure  and  24°C  for  certain  DF  laser 
frequencies . 


Iden. 


Freq  .* 


n2o  ch4 

km"1  /ppm km"1 /ppm 

(Calc) (Fleas)  (Calc) (Meas) 


3-2 

8 

2546.375 

7.63E-2 

2-1 

11 

2553.951 

3.77E-2 

3-2 

7 

2570.522 

1 . 33E-1 

2-1 

10 

2580.195 

1 . 65E-1 

3-2 

6 

2594.198 

8.21 E- 3 

2-1 

8 

2631 .067 

- 

1-0 

11 

2638.391 

- 

2-1 

7 

2655.863 

- 

2-1 

6 

2680.178 

- 

2-1 

3 

2750.093 

1 . 53E-4 

*Measured  Roh , Heath,  and  Rai 
Department  of  Physics,  1975 
Accuracy  ±.005  cm-'  . 


7.64E-2 

6.82E-4 

3.46E-2 

4.70E-5 

1 . 33E-1 

1.94E-5 

1 .62E-1 

- 

8.11E-3 

1 .28E-5 

5.16E-4 

3.73E-4 

5.38E-4 

4.49E-4 

7.06E-4 

- 

1.91E-4 

5.75E-4 

9.5E-4 

, Ohio  State  University 
(to  be  published) . 


In  these  experiments  the  unknown  gas  is  up  to  15  torr  HgO  in  760 
torr  artificial  air.  The  calibration  samples  are  up  to  .2  torr  N20 
and  up  to  2.2  torr  CH4  in  760  torr  artificial  air  or  N2.  All  of  these 
gases  are  assumed  to  have  the  same  thermal  conductivity. 

Figures  4-9  show  the  spectrophone  calibration  curves  for  the 
2-1  P(6),  P(7) , P(8)  and  3-2  P(6),  P(7),  and  P(8)  lines.  In  each 
case  there  is  a residual  microphone  signal  at  zero  absorber  concen- 
tration which  is  assumed  to  be  caused  by  spectrophone  window  absorption 
or  sample  impurities.  Thus  for  each  line  a least-square  fit  of  the 
measured  data  to  an  expression  of  the  form  S/W  = A0  + Alp  was  made 
where  p is  the  concentration  of  methane  or  nitrous  oxide  in  ppm. 

Thus  the  desired  calibration  constant  is 


where  k is  the  absorption  coefficient  from  Table  II  and  Aq p is 
evaluated  at  the  same  concentration  (i.e.,  one  ppm).  Then  for  the 
water  vapor-air  samples  the  absorption  coefficient  is  given  by 
multiplying  the  measured  S/W  ratio  by  the  constant  C. 
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Fig.  5.  2-1  P ( 7 ) spectrophone  calibration. 
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Mg.  7.  3-2  P(6)  spectrophone  calibration. 
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As  should  be  clear  from  the  discussion  thus  far,  it  has  been 
found  necessary  to  determine  C separately  for  each  laser  line.  Table 
II  9ives  the  values  of  C.  The  differences  in  C may  be  real,  or  they 

a"  ideation  of  measurement  repeatability.  A larger  data  base 
is  needed  to  resolve  this. 


TABLE  III 


Spectrophone  calibration  constants  for  DF  laser  lines 


I den. 

Freci  .* 

A 

0 

+ A-|P 

C 

3-2  8 

2546.375 

.147 

+ 

. 346  p 

.221 

3-2  7 

2570.522 

.161 

+ 

. 581  p 

.229 

3-2  6 
2-1  8 
2-1  7 

2594.198 

.25 

+ 

(2.97E-2 )p 

.273 

2631 .067 

.266 

+ 

(2. 1 9 E- 3 ) p 

.245 

2655.863 

.179 

+ 

(3.01 E-3  )p 

.235 

2-1  6 
2-1  3 

2680.178 

2750.093 

.328 

+ 

(3. 75E-3)o 

.253 

.244+ 

"Estimated  from  the  average  of  the  constants 
for  the  other  2-1  lines. 


*Measured  Roll,  Heath  and  Rao,  Ohio  State 
University  Department  of  Physics,  1975, 
(to  be  published). 


The  calibration  constant  for  the  2-1  P(3)  line  is  taken  to  be 
the  average  of  the  constants  for  the  other  2-1  lines. 


IV.  MODEL  ATMOSPHERE  ABSORPTION  MEASUREMENTS 

WITH  THE  SPECTROPHONE 

After  completion  of  the  spectrophone  calibration  using  CH4- 
artificial  air  and  N2O-N2  samples,  a series  of  model  atmosphere 
absorption  measurements  were  made.  The  samples  contained  a variable 

qUanJlS  of"aier  vaP°r  P^s  analyzed  air  to  760  torr.  The  temperature 
was  24  C.  The  results  of  these  measurements  are  given  in  Figs.  10-15. 

A least  squares  straight  line  of  the  form  A0  + Aip  was  determined  for 
each  laser  line.  These  results  are  given  in  Table  IV. 

It  can  be  seen  that  the  A0  term  is  quite  variable.  This  is 
caused  in  the  first  place  by  the  variable  N2O  and  CH4  absorption  at 
each  laser  line.  Unfortunately  the  air  analysis,  see  Table  V,  does 
not  give  the  concentration  of  N20.  If  the  N20  is  assumed  to  be  0.28 
ppm,  then  the  data  of  Table  II  can  be  subtracted  from  the  An  values, 
ihis  has  been  done  in  Table  VI.  Now  we  find  that  the  uniformity  of 
the  background  signal  has  been  imprnwed.  The  remaining  variability 
can  be  due  to  unknown  impurities  in  the  analyzed  air,  a different  N2O 
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TABLE  IV 

Equations  of  the  form  A0  + A]p  which  least-square  fit 
the  experimental  water  vapor  data.  Water  vapor 
pressure  is  in  torr,  absorption  coefficient  in  knH  . 


UNE k (knf1) 


3-2  8 

.0456  + . 00  22p 

3-2  6 

.018  + .00344p 

2-1  8 

.0166  f .0066p 

2-1  7 

.0173  + .00963p 

2-1  6 

.030  + .0082p 

2-1  3 

.067  + . 0073p 

TABLE  V 
Analyzed  Ai r 


°2 

20.95% 

n2 

78.08% 

C02 

260  ppm 

CO 

< 1 ppm 

n20 

< 1 ppm 

CH4 

1 .4  ppm 

TABLE  VI 

Spectrophone  analyzed  air  measurements. 

Estimated  Absorption 
by 

N?0 ( . 23  ppm) 

& 


fl0 

CH^ (1.6  ppm) 

VN20+CH4 

3-2  8 

.0456 

.0214 

.024 

3-2  6 

.018 

.0027 

.016 

2-1  8 

.0166 

.00086 

.016 

2-1  7 

.0173 

.00113 

.016 

2-1  6 

.030 

.00152 

.029 

2-1  3 

.067 

? 

? 

(3-2  8 analyzed  air  consistently  high;  must  have  had 
impuri  ty . ) 
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0.24 


0.22 


0.20 


0.18 


0.16 


0.14 


0.12 


0.10 


0.08 


0.06 


0.04 


0.02 


0 


k m 


p?Hieht,'iltl0n’J0r  vanaHe  winttow  effects.  It  is  noted  that  the  3-2 
> 9™r  »«asurf®ht.»as  repeated  several  tines  and  was  con- 

may  absorb  at^ that  frequency!  Cted  "'0St  by  N2°'  fl,S°  3" 

The  water  vapor  absorption  for  the  DF  laser  frequencies  consists 
of  three  components  - selective  absorption  by  H20^  selective 

absorption  by  HO^D;  and  continuum  absorption.  We  have  separately 
measured  1.hp  HDD  ^ ^ ^ ~ u n -i  • . I . ^ 


- ✓ "--Ml  uujui  u VIUII,  wc  Nave  be  HPrilP  v 

measured  the  HDO  absorption  for  each  laser  line  using  samples  with 
enhanced  HDO  concentration  (see  RADC-TR-74-295) . Using  this  infor- 

we^v  S US  ca1^ulated  coefficients  for  the  H2ol6  selective  absorption, 
w may. arrive  at. an  estimate  of  the  continuum  absorption.  The 
following  comparisons  will  be  made  at  14.3  torr  (the  AFCRL  Mid- 
latitude sea  level  summer  model). 

Table  VII  gives  certain  results  which  will  be  referred  to 
below.  It  gives  calculated  H20  and  HDO  absorption  coefficients  plus 
trie  measured  H20  and  N2  continuum  coefficients  from  Burch  [12]. 

TABLE  VII 

Calculated  absorption  coefficients  for  14.3  torr  H?0  760  torr 

total  at  24°C  (Mid-Latitude  Sea  Level  Summer  Model)/  Continuum 
water  vapor  derived  from  pure  H20  data  of  Burch  [12] ; continuum 
rrom  measurements  of  Burch  [12] 


3-2  8 
2-1  11 
3-2  7 

2-1  10 


1-0  11 
2-1  7 


F req . * 

2546.375 

2553.951 

2570.522 

2580.095 

2594.198 

2631 .067 

2638.391 

2655.863 

2680.178 

2750.093 


(161) 

4.67E-5 

5.03E-6 

4.93E-5 

5.64E-6 

3.68E-4 

5.05E-3 

7.96E-4 

4.61E-6 

2.44E-4 

4.73E-5 


TOTAL 

SELECTIVE 

WATER 


Conti n.  Conti n. 


(162) 

1.15E-3 
5.19E-4 
4.63E-3 
2.67E-3 
7.23E-3 
9.14E-3 
2.46E-1 
7.25E-2 
3.71 E- 2 
1 .19E-2 


(161+162)  (Burch)  (Burch ) 


1 .20E-3 
5.24E-4 
4.68E-3 
2.67E-3 
7.60E-3 
1 .42E-2 
2.47E-1 
7.25E-2 
3.73E-2 
1 .20E-2 


1 .86E-2 
1 . 82E-2 
1 .75E-2 
1 . 70E-2 
1 . 68E-2 
1.78E-2 
1 .82E-2 
1 .93E-2 
2.12E-2 
2.75E-2 


8.0E-3 
7.1  E- 3 
5.0E-3 
3.6E-3 
2.6E-3 
1.9E-3- 
1.6E-3 


*Measured  Roh,  Heath, 
of  Physics , 1975  (to 


Rao,  Ohio  State  University  Department 
be  published).  Accuracy  ±.005  cm"/ 


.A  word  about  the  Burch  continuum  measurements.  In  these 
experiments  the  absorption  by  high  pressure,  high  temperature  water 
samples  were  measured  at  frequencies  that  appeared  to  be  free  of 
selective  absorption.  Using  data  obtained  at  several  temperatures. 
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an  extrapolation  to  ambient  (24°C)  was  made.  Next  a measurement  of  a 
broadened  sample  (2  atm  H?0;  4.5-10  atm  total)  at  428  K was  used  to 
evaluate  the  ratio  of  self  to  foreign  broadening.  If  one  assumes  this 
ratio  to  be  constant  with  temperature,  the  values  in  Table  VII  can  be 
obtai ned . 


^le  PurPoses  °f  Phis  study  was  to  determine  the  validity 
of  Bu>  ch  s results  and  the  subsequent  assumptions  which  have  been  used 
to  estimate  the  sea  level  continuum  coefficients.  This  is  discussed 
more  ful ly  in  Appendix  I. 

In  Table  VIII  we  have  subtracted  for  14.3  torr  the  OSU  measured 
HDO  coefficient  and  the  calculated  (AFCRL  tape)  h20  coefficient  from 
the  results  measured  in  the  current  study.  For  the  2-1  P(3)  line 
calculated  HDO  data  was  used  since  a measurement  is  not  available. 

The  results  of  Table  VIII  are  plotted  in  Fig.  16.  It  is  noted  that  the 
residual  absorption  is  much  greater  than  had  been  expected  (Burch 
continuum,  of  order  .02  km"1).  There  is  an  indication  that  selective 
absorption  effects  have  not  been  entirely  accounted  for  by  the 
procedure  just  described. 


TABLE  VIII 

Table  uses  calculated  H2O (161)  and  measured  H20(162)  numbers 


Calc. 

Meas . 

14.3  torr 

14.3  torr 

H20  (161) 

H20  (162) 

L 

Meas . 

Diff . 

3-2 

8 

.0000467 

.00246 

2.51 E- 3 

3.15E-2 

.029 

3-2 

6 

.000368 

.0174 

1.78E-2 

4.92E-2 

.031 

2-1 

8 

.00505 

.00599 

1 .10E-2 

9.44E-2 

.083 

2-1 

7 

4.61E-6 

.0955 

9.55E-2 

1.38E-1 

.043 

2-1 

6 

2.44E-4 

.0524 

5.26E-2 

1.26E-1 

.073 

2-1 

3 

4.74E-5 

- 

- 

1.04E-1 

.092 

We  had  not  attempted,  prior  to  these  experiments,  to  measure  a 
sample  of  ordinary  water  in  the  White  cell  believing  that  the 
transmittance  would  be  too  near  1.0  for  accurate  measurement.  How- 
ever, very  recent  improvements  in  the  pulsed  DF  laser  used  for  the 
White  cell  studies  and  improvements  in  the  cell  itself  including 
improved  alignment  and  longer  path  length  (1.34  km)  have  made  water 
vapor  measurements  possible.  For  14.3  torr  water  vapor  in  760  torr 
(total)  N2  we  have  obtained  a value  of  .038  ± .005  for  the  201  P(8) 
line  and  .103  ± .01  for  the  201  P(7)  line.  Comparing  to  the  spectrophon 
measurements  given  in  Table  VIII  for  the  same  conditions  we  see  that 
there  are  significant  differences.  For  2-1  P(8)  the  spectrophone 
result  was  .0944,  2.5  times  greater  than  the  White  cell.  For  the  2-1 
P ( 7 ) tne  spectrophone  result  was  .138  versus  .103,  or  one  third  larger. 
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W, A-'.  I'..-. ! 


3tsr  continuum  absorption  cosfficients 
ersus  wave  number. 


The  2-1  P(8)  spectrophone  data  was  obtained  on  only  one  day  and 
subsequent  to  these  measurements  a problem  was  discovered  with  one  of 
the  spectrophone  windows.  In  the  spectrophone  if  a window  changes  after 
the  calibration  run  then  the  calibration  is  lost  and  all  data  measured 
wi 11  be  in  error. 


V.  CONCLUSIONS 

Extinction  coefficients  were  measured  on  six  DF  lines  for  air 
samples  with  varying  amounts  of  water  vapor.  The  prime  objective  was 
to  measure  the  contribution  due  to  the  water  vapor  continuum,  for 
which  the  only  available  information  involved  considerable  extrapolation. 

The  results  of  the  measurements,  after  correcting  for  air  and 
HDO  absorption,  indicate  a water  continuum  coefficient  of  .04  km"! 
with  an  estimated  accuracy  of  ± 50%. 

It  is  recommended  that  additional  measurements  should  be  made, 
with  particular  care  paid  to  system  and  sample  stability  and  to  gas 
purity  to  eliminate  the  experimental  data  scatter.  It  is  believed  that 
with  improved  procedures  it  should  be  possible  to  measure  the  N2 
pressure-induced  absorption. 

Power  levels  used  for  the  experiments  ranged  from  0.1  to  1 watt 
at  the  spectrophone.  The  power  level  appeared  to  be  ample  for  the 
measurements,  and  future  measurements  may  be  performed  on  a lower  power 
laser,  allowing  more  running  time  and  a quieter  experimental  environment. 

The  outstanding  cooperation  of  the  United  Aircraft  Research 
Laboratories  in  making  the  POSM  laser  available  and  in  operating  the 
system  is  gratefully  acknowledged. 


APPENDIX  1 

DESCRIPTION  OF  HDD  WHITE  CELL  CALIBRATION  AND  CLARIFICATION  OF 
BURCH  WATER  CONTINUUM  EXPERIMENTS  [12] 


Water  vapor  absorption  in  the  3.8y  region  is  caused  by  individual 
absorption  lines  of  HDO  and  H?0  and  wing  absorption  from  remote  lines 
of  the  2.7u  and  6.3u  water  vapor  bands. 


as 


At  any 

[12]: 


frequency  the  absorption  coefficient  can  be  written 


( A- 1 ) k(v,p,PJ)  = kL(v,p,P,T)  + C $ ( v , T ) p + Cp(v,T)Pb 


where 


k 


-1  0 
(mol  cm") 


P 

Pb 

T 


Cs 

£ 


absorption  coefficient 
frequency 

water  vapor  pressure  (atm) 
broadener  pressure  (atm) 
temperature  (°K) 

wing  absorption  coefficient  for  pure  water 
foreign  broadening  wing  absorption  coefficient 
local  absorption  coefficient  caused  by  lines  near 


1 2 1 
(mol-  cm  atm"  ) 


frequency  vfmol ~1 cm^) . 


In  absorption  measurements  with  the  DF  laser  one  is  constrained  to 
measurement  at  a set  of  fixed  frequencies.  Further  in  general,  since 
the  pressure  dependence  of  k|_  may  be  complex  and  unknown,  it  may  not  be 
possible  to  separately  determine  the  quantities  C$,  Cp,  and  k|_.  However, 
for  many  frequencies  in  the  3.8  region  the  largest  contribution  to  C5 
and  Cp  comes  from  t^O  wing  absorption  whereas  the  dominant  contribution 
to  k[_  is  HDO  absorption.  Hence  by  making  measurements  on  two  samples 
having  different  HDO  concentrations  one  can  determine  the  individual 
quantities  in  Eq.  (A-l). 


The  procedure  used  was  as  follows, 
with  a sample  of  normal  water  (.03%  HDO)  a 
length.  The  transmittance  was  found  withi 
100%.  This  confirmed  that  the  continuum  a 


This  cori 

too  small  to  be  reliably  observed  in  this 
containing  6.22%  HDO  was  prepared  and  admi 
and  the  kp  coefficients  measured  for  each 
this  experiment  was  linearly  extrapolated 
for  ki  applicable  to  the  normal  atmosphere 


First  a measurement  was  made 
t 15  torr  and  0.73  km  path 
n experimental  error  to  be 
bsorption  coefficients  were 
path  length.  Next  a sample 
tted  to  the  cell  at  15  torr 
laser  line.  The  data  from 
to  0.03%  HDO  to  obtain  values 


In  the  third  experiment  a sample  of  normal  water  was  placed  in 
the  acoustic  spectrophone  and  the  total  absorption  coefficient 
determined  for  each  line.  By  subtraction  of  kp  from  this  result,  the 
wing  coefficient  was  determined  as  shown  in  Table  VIII  of  the  main  report, 
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It  is  useful  to  describe  and  compare  the  onlv  other  availablQ 
3 8p  water  continuum  measurements,  Burch  et.al.  [12].  In  this  work  a 
black  body  source  and  tunable  spectrometer  were  employed  so  that  it 
was  possible  to  select  frequencies_which  appeared  to  have  little 
■influence  from  local  absorption,  the  continuum  absorption  was  made 
observable  by  increasing  the  temperature  and  hence  the  allowable  water 
vapor  concentration.  Pure  water  vapor  and  water  vapor-ni troqen 
mixtures  were  studied  separately. 

For  the  pure  water  vapor  samples  measurements  of  the  absorption 
coefficient  were  plotted  against  pressure  for  a given  temperature. 

Ihe  following  relation  was  assumed:  ' 


(2)  k(v,p,T)  - k^(v,T)  + C^(v,T)p. 

Note  that  here  kp  is  not  a function  of  p.  Thus  Cc  is  the  slope  of  the 
measured  line  and  k|_  is  its  y-axis  intercept. 

It  is  important  to  investigate  under  what  conditions  kt  can  be 
independent  of  pressure.  In  the  Burch  experiments  observation  frequencies 
were  selected  which  were  not  coincident  with  strong  local  lines.  It  is 
not  possible  to  separate  absorption  caused  by  lines  "within  a few  cm"1" 
of  v from  that  caused  by  remote  lines  if  they  both  have  the  same  pressure 
dependence.  That  is,  for  Lorentz  lines  one  is  very  quickly  in  the 
!y-v0i  >>  a_ region  where  k = Cp.  The  one  additional  factor  in  Burch's 
experiment  is  the  spectral  resolution  (0.2-0. 3 cnH  ) which  is  greater 
than  the  absorption  line  widths.  In  this  case  there  might  have  been 
wea.  absorption  lines  near  the  measurement  frequency  whose  absorption 
would  appear  independent  of  pressure  due  to  the  finite  spectral 
resolution  [12]. 

It  is  perhaps  equally  likely  that  the  non-zero  observed 
intercepts  were  due  to  experimental  error,  a possibility  which  Burch 
discusses  at  some  length  [12].  Measurements  of  Cs(v,T)  for  three 
temperatures  are  then  extrapolated,  for  each  frequency,  to  T = 296  K. 

In  the  second  half  of  the  Burch  study  the  influence  of  nitroqen 
broadening  was  investigated  by  measuring  the  transmittance  of  a 
sample  of  2 atm  H 2 0 (at  428  K)  broadened  with  N2  to  total  pressure  of 
. -10  atm.  The  slope  of  a plot  of  ky-kp  vs.  Pf^  is  the  coefficient 

Cp  where  ky  is  the  absorption  coefficient  of  the  broadened  sample 
and  kp  is  the  previously  determined  pure  water  vapor  coefficient 
Burch  determined  an  average  value  of  the  ratio  CB/CS  for  all  frequencies 
to  be  0.12  _ .03.  It  was  assumed  that,  although  data  for  CB  was  only 
available  at  428  K,  the  ratio  CB/CS  was  independent  of  temperature  and 
thus  the  desired  result  for  296  K was  available 
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, jikaaiailii 


It  was  the  purpose  of  the  experiments  described  iri  this  report, 
to  obtain  continuum  absorption  coefficients  for  the  DF  laser  frequencies 
using  a procedure  which  did  not  involve  the  temperature  extrapolations 
of  Burch's  method. 
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